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We investigate the B — > ai(1260)(i>i(1235))7r(.K') decays under the factorization 

00 , 

. scheme and find many discrepancies between theoretical predictions and the ex- 

o ■ 

£NJ ' perimental data. In the tree dominated processes, large contributions from color- 

§ : suppressed tree diagrams are required in order to accommodate with the la ^ e deca ^ 

■ rates of B — > a^vr and B —> a l 7r°. For B° — > (df, bf)K decays which are both 

' induced by b — > s transition, theoretical predictions on their decay rates are larger 

i—,! than the data by a factor of 2.8 and 5.5, respectively. Large electro- weak penguins 
r- 1 . 

O ■ or some new mechanism are expected to explain the branching ratios of B~ — ► b\K~ 

Q_i' and B~ — > a7K°. The soft-collinear-effective-theory has the potential to explain 

D : 

■ large decay rates of B — > a®n and -B — > a 1 ir° via a large hard-scattering form 
factor ^j^ ai . We will also show that, with proper charming penguins, predictions 
on the branching ratios of B° — > (a|", bf)K~ can also be consistent with the data. 

lO ■ PACS numbers: 13.25.Hw,14.40.Cs 
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00 ' I. INTRODUCTION 

o 

.^j | Since the first measurement on B°/B° — > (1260)7r ± decays reported by BaBar and Belle 

^ collaborations 

nag 

, many charmless B decays into a pseudo-scalar and an axial-vector 
meson have been observed. Among the 18 B — > a 1 (1260)(6i(1235)7r(i^) 1 decay channels, 
10 of them have been measured with large branching ratios. Besides decay rates, direct 
CP asymmetries in some B — > {a\,b\)K channels and time-dependent CP asymmetries in 
B°/B° -> afir* and B°/B° -> bfir^ were also studied in the two B factories 0,3,0,0,3,3- 
Without any doubt, these results are helpful to investigate production mechanisms of axial- 
vectors in B decays, extract hadronic parameters such as strong phases in B — > AP decays 
and probe the structures of axial-vectors. 

Charmless two-body B — > AP decays have received considerable theoretical efforts [lol . 

Among these predictions, many of them are not consistent with each other: 
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1 In the following, we will use a\(bi) to denote the <zi (1260) (bi (1235)) meson for simplicity. 
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most predictions by Calderon, Munoz and Vera 12J are larger than predictions given by 
Laporta, Nardulli and Pham 11[ and the QCD factorization (QCDF) approach. Predictions 
on B —>■ ayis by Laporta, Nardulli and Pham (using the second sets of form factors) are very 
close to results in the QCDF approach. However there are large discrepancies in other 
predictions (See Ref. for a detailed comparison between these theoretical predictions). 
Many results of the QCDF approach agree with the experimental data, but there still exist 
some deviations. 

In the present paper, we intend to analyze the 18 B — > AP decays with the help of exper- 
imental data. We try to check whether these problems can be removed in the perturbative 
QCD (PQCD) approach and the soft-collinear-effective-theory (SCET). Another objective 
is to extract the B — > A form factors through B° — > afn~ and B° — > bfn T decays. 



II. NAIVE FACTORIZATION APPROACH 



The effective Hamiltonian describing b — > D(D = d, s) transitions are given by [15| |: 



n 



eff 



v q=u,c 
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c x o\ + c 2 o\ + Yp&i 



H.c, 



(1) 



where V q b{D) are the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. Functions Oi are 
the local four-quark operators, while functions Cj are the corresponding Wilson coefficients. 
It is convenient to define combinations a« of the Wilson coefficients: 

ai = C 2 + d/3, a 2 = d + C 2 /3, 
ai = Ci + C i+1 /N e (z = 3,5,7,9), 

a i = C i + C i - 1 /N e (z = 4,6,8,10). (2) 
There exist a hierarchy for the Wilson coefficients: 

ai > max[a 2 , a 3 _i ]. (3) 
For tree-dominated processes B°/B° — > a^vr T , the factorization formulae can be written 



as: 



A(B° 



A(B Q 



7r + a 



-^ m Bfn V o B ^ ai { V ubV* d [ai + a 4 + aio + r w (a 6 + o 8 )] 

+V c bV* d [a 4 + a w + r n (a e + a 8 )]} , 
-^ m %faif+^ n {VubV^d! + a 4 + aio] + V cb V* d [a 4 + a 10 ]} 



(4) 
(5) 



where = 2mJ/me with the chiral scale parameter for pion. The CKM matrix elements 
for tree operators |K*&KTdl ~ 4 x 10~ 3 have the same order magnitude with those for penguin 
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operators |K&V^| ~ 8 x 10~ 3 . Because of the hierarchy in the Wilson coefficients, penguin 
contributions from the operators O3_io are small compared with those from tree operators. 
Thus penguin contributions can be neglected in the study of branching ratios (but crucial 
to CP asymmetries). Combined with the B° — > 7r + 7r~ data [3] 

BK(B° -> 7T+7T-) = (5.16 ± 0.22) x 10~ 6 , (6) 

we arrive at the a% meson decay constant and B —>■ a\ form factor: 

f ai = [2.02 ± 0.26 ± 0.04 + 0(^^)]f n , V B ^ ai = (1.55 ± 0.28 ± 0.03 + C(^ zH )])/+^"(7) 

where the uncertainties are from the experimental results for branching ratios. As a rough 
estimation, we take f w = 131 MeV and /+ _>7r = 0.25 which corresponds to f ai = (265±34±6) 
MeV and V B ~* ai = 0.39 ± 0.07 ± 0.01. These results are well consistent with predictions 
based on the PQCD approaches 17J and light-cone sum rules 18, 19]. 

Now we come to the two channels B~ — » a\-K~ and B~ — > a^n whose factorization 
formulae are given by: 

V2A(B~ -> 7r-a°) = -£m 2 B f v V B ^ ai + a 4 + a 10 + r> 6 + a 8 )] 

+V c bV* d [a 4 + a io + 7v(a 6 + as)]} 



+ -| m £/ ai /f-* |K 6 V;* d [a 2 - a 4 + -a 10 ] + V cb V c * d [-a 4 + -a 10 ] }> ,(8) 
V2A(B~ -> ttV) = ^rn 2 B UV^ {k 6 K>2 - a 4 + ^a 10 + r w (-a 6 + ^a 8 )] 

+K&KS[ _a 4 + -aio + rv(-a 6 + ^a 8 )] 
+ ^ m |/ ai /«— {^TCJa! + a 4 + a 10 ] + W> 4 + ai„]} . (9) 
Because of the small values of 03-10, the penguin contributions can be safely neglected: 

V2A(B- -> vr-a?) = ^m 2 B V ub V* d [a l f n V B ^ ai + a 2 f a J^% (10) 
>/2^(5~ - 7r°ar) = ^m 2 B V ub V: d [a 2 UV B ^ + aJ.J^}. (11) 

Furthermore, in the hierarchy of a 2 -C a±, branching ratios are required to satisfy the 
following relation: 

BTZ(B° -> a+vr-) = 2BTZ(B- -> tTo?), 23^(5° -> vr+a^) = 2Bn(B~ -> a^7r°). (12) 
But the experimental data shows: 

B1Z(B~ -> 7r°af ) > £ft(5° -> ar> + ), -> tTo?) > £ft(5° -> a+TT), (13) 
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which is dramatically different. This situation is very similar with that in B — > titt decays: 
the branching ratio of B~ — > 7r°7r~ is measured with almost equal magnitude with BTZ(B° — > 
7r~7r + ) but it is expected as one half of BTZ(B° — ► 7r~7r + ) . To solve these problems, an 
efficient way is to enhance the color-suppressed contribution which is proportional to a-i- 
For example, if the Wilson coefficient a-i can be enhanced to 0.5, the branching ratios of 
BTZ(B~ -> 7r°a7) and BR,{B~ -> 7r~a?) are predicted as 20.0 x 10" 6 and 16.7 x 10~ 6 , where 
we have utilized the experimental data on branching ratios of B°/B° — > n^df. And these 
results are well consistent with the experimental data. 

The decay constant of 61 vanishes because of the G-parity, thus B° — > n + b~l is 
factorization-suppressed and only the B° — > 71-^6^ decay survives. From the experimental re- 
sults collected in tabled we can infer that the form factors of B — > a\ and B — > 61 are almost 
equal in magnitude at maximally recoiling: \V^^ ai (q 2 = 0)| ~ \V^^ bl (q 2 = 0)| ~ 0.35. One 
should be careful that the two form factors have different signs, if we use LCDAs of cti and 
bi evaluated by the QCD sum rules. The absolute value of these form factors can be checked 
by the future measurements on semi-leptonic B — > A decays such as B° — > (af, bf)l~i>. 

Flavor structures of B° — > b^K~ and B° — > afK~ are the same with each other, thus 
they have the same factorization formulae: 

A(B° -> ( a + b+)K~) = ^=m%f K Vf-* iaiM + a 4 + a l0 + r K (a 6 + a 8 )\ 

+V cb V* s [a A + aio + r K (a Q + o 8 )]} . (14) 

The same Wilson coefficients and almost equal form factors will induce almost equal branch- 
ing ratios for B° a\K~ and B° — > b\K~ . To reduce the uncertainties, we will utilize the 
B° — > 7i + K~ decay which also has the same flavor structures with B° — > (a^ ,bi)K~ . The 
only difference between the three modes is the different form factors which can be extracted 
from tree-dominated processes B° — > 7r + 7r~ and B° — > (a^,b^)n~ decays. The branching 
ratio of B° — > tt + K~ has been measured as 
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BK{B° -> tt+K - ) = (19.4 ± 0.6) x HT 6 , (15) 

which implies: 

B7e(B° -> a+K') = 45.9 x 10" 6 , BTZ(B° -> ^if") = 41.0 x 10~ 6 . (16) 

Comparing with the experimental measurements in table [J we see that our theoretical 
prediction on B7Z(B° — ► a^f^ - ) is 2.8 times larger while the prediction on BTZ(B° — > b\K~) 
is 5.5 times larger. This discrepancy should be clarified by the theoretical studies with next- 
to-leading order corrections and improved experimental measurements. 
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Besides B° — > (af, &+) K decays, B —^a 1 K°andB — > b®K decays are also measured 
by experimentalists whose factorization formulae are: 

A(B~ - a^K°) = ^ m lf K V B ^ {k 6 K>4 - \a w + r x (a 6 - ^a 8 )] 

+V ch V* s \a A - iaio + r K (a 6 - ^a 8 )] J , (17) 

V2.A(£- - = ^m 2 B f K V Q B ^ {V ub V: s [ ai + a 4 + a 10 + r K (a 6 + a 8 )] 

+K 6 \/;[a 4 + aio + r x (a 6 + a 8 )]} . (18) 

In these b — > s transitions, the CKM matrix elements for penguin operators are |Vrf,T^.*| ~ 
40 x 10 -3 and those for tree operators are |VWV^* | ~ 0.8 x 10~ 3 . Recalling the values for the 
Wilson coefficient combinations: a± ~ 1 and a 4 ~ a§ ~ —0.03, we can see that contributions 
from tree operators with the coefficient a 4 are smaller than that from penguin operators 
at least by a factor of 2 in magnitude. In order to characterize the contribution from tree 
operators and symmetry breaking effects between B~ and B° mesons, it is useful to define 
the two ratios: 

_ BR(B~ -» aTK°) r §0 _ BTZ(B~ -» b\K~) r B0 
Rl = BK(B° - a+K-) X ^' R " = BU(B° ^ b+K-) * ' (19) 

where r is the lifetime of B meson. Neglecting tree operators and electro-weak penguins, 
the ratios obey the limit: 

R x = 1, R 2 = 0.5, (20) 

which are quite different from the experimental results: 

i?f p - = 2.00 ± 0.59, R c * p - = 1.15 ± 0.34. (21) 

The difference between the two channels in the ratio R\ is the tree operator and electroweak 
penguin operators. Since the contribution of tree operator is smaller than QCD penguins 
and the two kinds of amplitudes are perpendicular with each other due to the CKM angle 7 
close to 90°, the tree operator can not change the branching ratio of B° — > a\K~ too much. 
Thus this does not improve theoretical predictions on R 1 . Large electro- weak penguins may 
help us to diminish the large deviation for R±. In the B° — > b\K~ and B~ — > b\K~ decays, 
the factorization formulae are exactly the same since the b\ decay constant vanishes. Thus 
in order to explain the large ratio R 2 , one needs some mechanism beyond factorization to 
enhance the ratio of R 2 by roughly 2.5. 

In the above, we have analyzed the charmless non-leptonic B — > AP data under the 
factorization approach. The decay constant of a\ meson and B — > a±, b\ form factors Vq are 
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extracted from the B° — > ai7r ad -B — > bin decays. The form factors are consistent with 
the predictions evaluated in light-cone-sum-rules and the PQCD approach. But there exist 
several problems which can be summarized as: 

• The Wilson coefficient combination a 2 needs to be enhanced to a 2 = 0.5 in order to 
solve the problem in B~ — > a^ir and B~ — > a\-K^ . 

• Since the form factor B — > a\ and B — > b\ are almost equal in magnitude, the B° — > 
afK~ and 5° — ► b^K~ decays should possess similar and large branching ratios. 
Compared with the experimental data, theoretical predictions needs to be reduced by 
the factors of 2.8 and 5.5, respectively. 

• B~ — > a^K and B~ — > are related to _B° — > (a^ , b~i)K~ through relations given 
in Eq. (1191) which also have large deviations from the data. 

III. THE SOFT-COLLINEAR EFFECTIVE THEORY 

The recent development of SCET makes the analysis of B — > M\M 2 decays on a more rig- 
orous foundation. The SCET is a powerful method to systematically separate the dynamics 
at different scales: hard scale m& (b quark mass), hard intermediate scale /i/^ = \/mb^QCD, 
soft scale and to sum large logs using the renormalization group technics. Integrating out 
the hard fluctuations, we arrive at the intermediate effective theory- SCET/ where the fac- 
torization formulae for B — > M\M 2 decays to leading power in A = a/ Agc^/m;, are given 
by: 

+f Ml J du<f> Ml (u) j dzTu{u, z)Cf^ M2 {z) + (1 <- 2) J , (22) 

where functions ( and (j also enter into the heavy-to-light form factors. Ti(u) and Tu(u, z) 
are hard kernels which can be calculated using perturbation theory. With the hard-collinear 
fluctuation integrated out, the final effective theory-SCET// is obtained where the function 
(j can be factorized into convolutions of LCDAs with hard kernels: 

Cj^ M2 {z) = 0bH ® J(z,uj,v) ® <f>M 2 (v)- (23) 

J(z,u,v) is the hard kernel and 4>b and 0a/i,m 2 are the light-cone distribution amplitudes 
(LCDAs). With our knowledge on these LCDAs, one can predict the decay amplitude by 
convoluting the LCDAs with the perturbatively calculated hard kernels. But there is another 
alternative way for phenomenological studies: one can fit experimental results, including 
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branching ratios and CP asymmetries, to determine essential non-perturbative inputs. Note 
that in this way, no expansions in a s (^mi,AQCD) are needed and thus the exploration of the 
convergence is spontaneously avoided. This method is especially useful at tree level: T\(v) 
is a constant and Tu(u, z) is a function of one argument u. It leads to a rather simple form 
for decay amplitudes: 

A(B - MiM a ) = ^=ml ^f Ml Tx( B ^ + f Ml J du^MT^u)^ 1 ' 2 + (1 - 2) j(24) 
where the functions £ B ^ M 2 an d 

Cr Ma = f dzCf^(z) (25) 



are treated as non-perturbative parameters to be fitted from the data. With the help of the 
flavor SU(3) symmetry, the P — > AP decays involve only 6 parameters: 

C B-P ( c B^ ft> ^ft C B^ > C ^ Pl) (26) 

which contribute to the B — > P and B — > A form factors. 



ncluding the non-perturbative contributions from loop diagrams involving cc 



20 
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22, 

23l . 24, |25{|, the SCET can successfully explain most of B — > PP and P — > VP decays [21, 
26|, |27J. This phenomenological approach has many important features. In b — > d transitions 
such as P° — > 7r + 7r~, tree operators provide the dominant contributions and contributions 
from charming penguins and penguin operators are sub-leading. From the experience in 
P — > PP and P — > VP phenomenological study, we know that the hard-scattering form 
factor is potentially large. Furthermore, as we have shown in Ref. [27]. the corresponding 
Wilson coefficient is of order 1 which amounts to a large effective Wilson coefficient a^- Here 
we take P° — > a^f7r + and P _ — > a^7T° as an example: if hard-scattering form factors are 
equal with soft form factors for pion and a\ meson: ( = (j, the effective Wilson coefficient 
equals to a 2 — = 0.5. Thus it is easy to solve the problems in P — > ain decays under 
the SCET framework. 

For decays induced by b —>■ s transition, since tree operators are suppressed by the 
CKM matrix elements |V^b^* s /(Vd,V^,)| ~ 0.02 and penguin operators have smaller Wilson 
coefficients (max[C 3 _i ] a s (2m c )Ci), charming penguins play a significant role. Due 
to the non-perturbative nature, charming penguins are totally unknown from perturbation 
theory and needs to be extracted from data. This stuff depends on the three involved mesons: 
P meson, recoiling meson and emitted meson. Thus in order to predict physical observables, 
too many parameters for charming penguins are required. An efficient way to reduce the 
independent inputs is to utilize the flavor SU(3) symmetry and as a result only 8 parameters 
for charming penguins in P — > AP decays are left. But even so, due to the lack of data, one 
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can always obtain proper branching ratios of B° — > b\K~ and B° — > a\K^ by adjusting 
charming penguins. Despite of that, there is another deficit: since the inputs, form factors 
and charming penguins, have been assumed to respect the SU(3) symmetry, large deviations 
of the ratios shown in Eqs. (l20il and (12T1) can not be eliminated by the SCET either. 



IV. THE PERTURB ATIVE QCD APPROACH 



There is another common 



bative QCD approach 28 



29 



y-accepted approach to handle hadronic B decays: the pertur- 



301 ]. The basic idea of the PQCD approach is that it takes into 



account the transverse momentum of the valence quarks in hadrons. Decay amplitudes and 
form factors can be written as convolutions of wave functions with perturbatively hard ker- 
nels integrated over the longitudinal and transverse component. When considering radiative 
corrections, one encounters double logarithm divergences when soft and collinear momenta 
overlap. These large double logarithm can be resummed into the Sudakov factor. Loop cor- 
rections to the weak decay vertex also give rise to double logarithms in the threshold region. 
Resummation of this type of double logarithms leads to the Sudakov factor S t . This factor 
decreases faster than any power of x as x — > and changes the behavior at the end-point 
region. The Sudakov factor and threshold resummation make the PQCD approach more 
self-consistent. This approach have successfully explained the B — > ixix and B — ► ttK decay 
rates and CP asymmetries [31[ together with the proper polarizations in B — > VV decays 
32]. 

In the PQCD approach, the predicted B — > a\ form factor [17] is consistent with the one 
derived from the data, thus our PQCD prediction on BTZ(B° — > a^7r~) is in good agreement 
with the data. But due to the small value of 02, the color-suppressed contribution is too 
small to explain the large decay rates of B~ — >• a^7r° and B~ — > q®tt~ . The investigations of 
next-to-leading order corrections in Ref. 33j show that the branching ratio of B~ — > 7t~tt° 
is enhanced by the factor 4.0/3.5 while B° — ► 7r + 7r~ is reduced by 6.5/7.0. But even if we 
assume the same k factor for B — ► aiir decays, the PQCD predictions on B~ — > a^ir and 
B~ — > aln" are still smaller than the data. The PQCD prediction on the B — > 61 form factor 
is large, thus the branching ratio of B° — > b^ir~ is 2 times larger than the experimental data 
and the QCDF results. From the factorization formulae of B — ► PP decays given in the 
literature 30j, one can see that the contributions from hard spectator scattering diagrams 



are small due to the cancelation between two diagrams where a gluon is attached to either 
the positive quark or the anti-quark in the emitted hadron. But if the emitted meson is a P- 
wave meson and the twist-2 LCDA is anti-symmetric (like a scalar or an axial- vector meson 
with quantum number 2S+1 Lj = x Pi), the two diagrams give constructive contributions 
to make them sizable. For example, the large hard spectator scattering contributions to 
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B~ — > fr^ 71 " - make B1Z(B~ — > b\it~) > ^BTZ(B° — > 6^7r _ ). Moreover, annihilation diagrams 
play an important role in the PQCD approach which often enters into decay amplitudes as 
imaginary. It provides the dominant strong phase which are essential to explain the large CP 
asymmetries. Thus unlike the situation in the QCDF approach, annihilation diagrams do 
not cancel with emission diagrams in B° — > biK~ which results in much larger predictions 
on branching ratios of B° — > b\K~ . Similar as the factorization approach, there are large 
differences between the PQCD approach predictions on ratios i?x,2 and those extracted from 
the data. 



V. NUMERICAL RESULTS 

In the PQCD framework and SCET framework, we calculate the decay rates, direct CP 
asymmetries and time-dependent CP asymmetries shown in table HfllfHIl and IIVI We have 
adopted the same conventions with Ref. 14| for observables in time-dependent decay widths 
of B — > afn T and B 
the 14 inputs: 



bfir T 2 . In the SCET calculation, we use the following values for 





= 0.12, Cf^ 


= 0.12, 






= 0.17, Oj" ai = 0.17, 






= -0.16, Cf 


= -0.16, 




A 3 PiP\ 


= 40 x 10" 4 , 


arg[A 3 * p ] = 


160° 


A P 3 Pi\ 


= 40 x 10" 4 , 


arg[A p ^] = 


145° 


A 1 PiP\ 


= 40 x 10" 4 , 


arg[A^ p \ = 


155° 


A plPl \ 


= 35 x 10" 4 , 


arg[A plp i] = 


100° 



(27) 



We should point out that this set of inputs is presented by hand instead of any reasonable 
way. To test the sensitivities on these parameters, we show the first uncertainty in numerical 
results by varying the form factors by 0.03, 20% for magnitudes of charming penguins and 
20° for the phases. The second uncertainty is from CKM matrix elements. In the PQCD 

3 71 ] - The theoretical 



calculation, we have used the same inputs as those in Ref. [n], |3j 
uncertainties are from: (i) the hadronic inputs: decay constants of B meson, and shape 
parameters in the wave function of B meson; (ii) Aqcd, the hard scale t and the threshold 
resummation parameter c; (iii) the CKM matrix elements V u b and 7 angle. The factorization 
formula for each type of diagrams in B — > AP decays are the same with those in B — > PP 



2 The A a ±^ in the present paper correspond to A C[ t 7T ± defined in Ref. [16l l34l. l35|. 
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TABLE I: Theoretical predictions and experimental results [l|, [2|, y, |4j, la, la 13) la ISj on branching 
ratios (in unit of 10~ 6 ) of B — > ai(6i)7r(i^) decays. The QCDF predictions are quoted from 
Ref. [ljj. In the PQCD approach, the uncertainties are from: (i) the hadronic inputs: decay 
constants of B meson, and shape parameters in the wave function of B meson; (ii) Aqqd, the 
hard scale t and the threshold resummation parameter c; (hi) the CKM matrix elements V u \, and 7 
angle. In the SCET framework, the uncertainties are from: (i) hadronic parameters: form factors 
and charming penguins; (ii) the CKM matrix elements. 



channel 


QCDF 


PQCD 


SCET 


Exp. 


B- - 


*a7/7r° 


14 4+1.4+3.5+2.1 
^•^-1. 3-3.2-1. 9 


1+4.1+2.1+0.7 

°- ± -2.7-1.2-0.9 


10 n+5.1+1.8 
iy - u -4.7-1.7 


26.4 + 5.4 + 4.1 


B- - 




7 R +0.3+1.7+1.4 
' - D -0. 3-1. 3-1.0 


R 7+2.9+2.8+0.5 
D -' -2.2-1.7-0.7 


1 7 9+4.7+1.7 
i( - z -4.3-1.6 


20.4 + 4.7 + 3.4 


B°- 


a^-K + 


90 .+2.3+6.2+1.9 
z<3 -^-2.2-5.5-1.3 


1 r 7+8.3+5.9+1.2 
i0 - ' -5.6-3.6-1.7 


-17 n +5. 8+1.6 
- u -5. 2-1.4 


21.0 + 5.4 


B°- 




q 1+0.2+2.2+1.7 
y - L -0.2-1.8-l.l 


1 9 7+5.6+6.2+0.9 
lz -' -4.4-3.8-1.3 


m 7+2.5+1.0 

1U. 1 -2.4-0.9 


12.2 + 4.5 


B°/B° 


— > afir^ 


— 


90 1+13.8+12.0+2.1 
^°- i -9.9-7.3-3.0 


no 9+6.5+2.6 
zo - z -5. 9-2.4 




B°/B° 


— > a^7r + 


— 


90 e+13. 9+12. 1+2.2 
zo -°— 10.1— 7.4— 3.0 


97 1+6.9+2.5 
z ' ■ 1 -6. 2-2.3 




B°- 


afir* 


00 r+2. 5+8.4+3. 6 
JZ -°-2. 4-7.3-2. 4 


no q+13.9+12.0+2.2 
zo -°-10.0-7.4-3.0 


97 7+6.3+2.5 
z '-' -5.7-2.3 


31.7 + 3.7 


B°- 




n Q+0.1+0.3+0.7 
u - y -0. 1-0.2-0.3 


n 19+0.07+0.02+0.02 
u - iz -0. 04-0. 03-0. 02 


r r+1. 7+0.6 
5-0.6 




B- - 


>a\K- 


1 q Q+0.9+9.5+12.9 
lo - J -0.9-5.1- 4.9 


1 ^ 4+7.8+10.1+2.4 
±d -^-5.4- 5.5-2.5 


m e+3.3+1.8 

iU '°-2.9-1.5 




B- - 


-17° 


91 R +1.2+16.5+23.6 
zi -°-l.l- 8.5-11.9 


9c; c+12.9+18.0+3.7 
zo.O_ 9.2-10.2-3.9 


1 c e+5.8+2.5 
i0 -°-5. 0-2.1 


34.9 + 5.0 + 4.4 


B°^ 




1 8 q+1.0+14.2+21.1 
lo -°-1.0- 7.2- 7.5 


9n fi +10.2+14.6+3.2 
zu -°-7.3-8. 5-3.3 


1 C 0+5.6+2.7 

i0 -°-4.9-2.3 


16.3 + 2.9 + 2.3 


B°- 


>a?i?° 


a Q+0.3+6.1+9.5 
u - y -0. 3-2.9-3. 2 


n +3. 9+6.4+1. 2 
°' u -2. 8-3.4-1. 2 


f> + 2. 5 + 1.0 

u '°-2. 1-0.8 




B~ - 




n .+0.0+0.2+0.4 
u '^-0. 0-0.1-0. 2 


1 n +0. 2+0.3+0.1 
1 - u -Q.2-0.2-0.2 


9 n +0. 8+0.2 
z - u -0. 6-0.2 


< 3.3 a 


B~ - 




n fi +0. 3+1.6+2. 5 
y - u -0. 3-1.6-1. 5 


t- 1+3.1+3.1+0.3 
J - L -1.9-1.7-0.S 


r n +1.3+0.5 
d ' u -l. 2-0.4 


6.7+1.7 + 1.0 


B°- 




n q+0.1+0.1+0.3 
u -°-o. 0-0.1-0.1 


1 .+0. 4+0. 1+0.1 
-L-^-0. 4-0.2-0. 2 


n c+0. 3+0.1 
u ' u -0. 2-0.1 




B°- 




1 1 n+0.3+2.8+2.2 
iJ - z -0.3-2.4-1.9 


1 7+9.6+8.2+1.3 
ial -6.4-4.5-1.9 


7 7+2.I+O.7 
'•'-1.9-0.7 




B°/B° 


-► bin- 




1/1 s+8.5+6.6+1.3 
i4 -°-5. 6-3.8-1. 7 


r n +1.8+0.6 
°- u -l. 5-0.5 




B°/B° 






9c fi +ll. 4+9.6+1. 6 
z,J - -8.3-6. 0-2.6 


11 6 +2 - 7+1 -° 
i± -°-2. 5-0.9 




s°- 




ii .+0. 4+2.9+2. 5 
iJ --^-0. 3-2. 5-2.0 


9n 9+9.9+8.1+1.4 
zu - z -6.9-4.9-2.1 


0+2. 1+0.7 
°-°-l. 9-0.7 


10.9 + 1.2 + 0.9 


B°- 




1 1+0.2+0.1+0.2 
1 - i -0. 2-0.1-0. 2 


1 r+0. 6+0. 3+0.1 
1 -°-Q. 5-0.3-0. 2 


1 q+0. 5+0.2 
J-O-Q. 4-0.1 


< 1.9 a 


B- - 




c 9+0.5+5.0+6.4 
°- z -0.5-2.5-5.2 


9/ l q+9.8+14.9+3.7 
Z4 - y -7.8-9. 3-3.9 


+1.9+0.7 
^• D -l. 5-0.6 


9.1 ± 1.7 + 1.0 


B- - 




1„ n +l. 3+11. 5+13.9 
1^.U_ 1 2 _ 5 9 _ g 3 


c-c- n +23. 6+33. 5+8.0 
OO. U_ 170 _2l. 2-8.3 


R +3. 8+1.4 
8 - b -3.1-1.2 


9.6 + 1.7 + 0.9 a 


B° —* 


b\K- 


19 1+1.0+9.7+12.3 
iz - i -0.9-4.9-30.2 


A0 q+17.7+26. 9+6.6 
^ z - y -13. 4-16. 9-6.9 


e+3.5+1.3 
°-°-2. 8-1.1 


7.4 + 1.0 + 1.0 


B°- 




7 q+0. 5+5.4+6. 7 
' -°-0. 5-2.8-6. 5 


no q+10.6+15.5+3.5 
zo -°-6.8-8. 8-3.6 


4 n+1.8+0.7 
^• u -l. 4-0.6 


< 7.8 a 



a The experimental data [9( is obtained on the assumption that the daughter decay b\ — > kuj has a branching 
ratio B7Z = 1. 



11 



TABLE II: Similar as table I. but for direct CP asymmetries (in %) of B — ► ai(bi)n(K) decays. 



channel 


QCDF 


PQCD 


SCET 


Exp. 


B~ 


— ► CLiTT 


n r+0. 3+0. 6+12.0 
u -°-0. 2-0.3-11.0 


i R+0.0+0. 1+0.2 
i '°-0.6-l. 3-0.1 


c .+10.7+0.5 
°- 4 -10.1-0.5 




B~~ 


— ► cl\tt~ 


, n+0.3+1. 4+14.1 
^•°-0.3-2. 2-14.5 


n q+0.6+0.3+0.1 
u - y -0. 3-0.3-0.1 


c 7+11.1+0.5 
"J-' -11.3-0.5 




B° 


— ► cl~Itt~ 


o c+0.1+0. 3+20.8 
°- u -0.1-0. 5-20.2 


19 c+1.8+3. 5+1.0 
lz - u -l. 2-2. 5-1.1 


91 c+11. 3+1.6 
zl -°-12. 7-1.9 


7 + 21 + 15 


B° 


— > ajfvr + 


-1.9 ±0.0 ±0.0^3 


i -I 7+2.1+2.7+1.1 
LL - '-1.9-2.0-1.1 


ln .+ 9.9+0.8 
lu -*-10.6-0.9 


15 + 15 + 7 


B° 




fin 1+4.6+6.8+37.6 
DU - i -4.9-8.3-60.7 


oo n+ 7.6+42.5+2.6 
zo - y -22.1-88.1-2.5 


9Q C-+15.7+2.6 
zy -°-13.0-2.8 




B- 


— ► a x K 


n q+O. 0+0.1+0. 6 
u '°-0. 0-0.1-0.0 


i n +0. 2+0.2+0.1 
1 ' u -0. 0-0.2-0.1 


n q+0. 2+0.0 
u '°-0. 2-0.0 


12 + 11 + 2 


B~ 


^a\K- 


o / +0.3+1.4+10.3 
°-^-0. 3-1.6-12.0 


a 1+1.1+1.3+0.6 
°- J— 1.3-1.4-0.6 


9 c; R +14.9+2.3 
z0 -°-14.8-2.4 




B°- 


-+ a+i^- 


9 fi +0. 0+0.7+10.1 
z - u -0. 1-0.7-11.0 


o q+1. 5+2.1+0.8 
°' y -2. 3-2.4-0.9 


i 7 7+10.3+1.6 
1 '- '-10.0-1.7 


-16 + 12 + 1 


B° 




7 7+O.6+2.I+6.8 
'•'-0.6-2.2-7.0 


i q+0.3+0.6+0.2 

J -°-o.3-o.6-o.2 


i 7q +10.1+1.4 
1 ' - y -ll.l-1.6 




B~ 




qc c+4.4+18.4+82.2 
ou -°-4.3-17.7-59.6 


19 r+16.0+23. 5+1.1 
iz - J -27.3-40.3-0.6 


o A 1+27.1+3.2 
°*- i -26. 7-2.9 


5 + 16 + 2 


B~ 




n q+O. 6+2.3+18.0 
u - y -0. 4-2. 7-20.5 


o+ll. 1+13.4+4.6 
DO -°-9.0-8. 2-3.8 


1 7 7+13.8+1.6 
i '-'-14.6-1.3 




B° 


-> 6^7T- 


a n+0.2+0.4+26.2 
^• u -0.0-0.6-25.5 


9 c: n+4.0+3.9+2.2 
z0 ' u -4.3-4.1-1.9 


A0 q+9.3+3.6 
* z -°-9.4-3.5 




B° 




1+1.2+7.4+30.3 
uo - i -1.4-4.8-96.6 


4q n+3.5+7.1+4.2 
^ y - u -8.0-6. 0-4.0 







B° 


->&?7r° 


co A +e. 4+9.0+5. 2 
°°-^-6. 3-7.3-4.7 


1 e: q+4. 0+7.2+1.0 
io - y -7.8-10. 7-1.4 


eo 7+12.7+2.7 
oz - '-13. 9-3.9 




B~~ 




i .+0.1+0.1+5.6 
J-^-0. 1-0.1-0.1 


n on+0-02+0.00+0.03 
u - JU -0.38-0.58-0.03 


n 0+0.2+0.1 
u -°-0.2-0.1 


-3 + 15 + 2 


B~ 




18 7+1-6+7.8+57.7 
10 -' -1.7-6.1-44.9 


1Q /I +0.0+4.4+1.8 
ly -*-0.4-4.0-1.8 


4fi q+10. 5+3.8 
^°-°-8.8-3.9 


-46 ±20 + 2 


B°- 




r r+0. 2+1. 2+47.2 
°-°-0. 3-1. 2-30.2 


-,(. fi +2.4+3. 8+1.6 
lu - u -2.3-3.2-1.5 


A a q+10. 5+3.8 
^°-°-8.8-3.9 


-7+12 + 2 


B° 




o e+0.8+3. 3+8.3 
°-°-0.8-4.2-25.4 


a o+l. 6+1. 8+0.4 
*-°-l. 6-1. 8-0.4 


n 0+0.2+0.1 

u -°-0.2-0.1 





decays which can be found in the literature 3 . Because of the same flavor structures, the hard 
spectator scattering diagrams often accompany with the factorizable diagrams. One only 
needs to consider the flavor structure for factorizable diagrams and to use meson matrices 
by evaluating the master equations [38(. For the CKM matrix elements, we use the updated 



global fit results from CKMfitter group 351 ] : 



V ud = 0.97400, V us = 0.22653, \V ub \ = (3.57^; 17 ) x 10" 3 , 

Vcd = -0.22638, V cs = 0.97316, V cb = (40.51^) x 10" 3 , 

(3 = (21.7l°;° 17 )°, 7 = (67.61^)°. (28) 

Predictions in the QCDF approach are also collected in the tables to make a compari- 



3 There still exist two differences between the factorizable emission diagrams of B — > AP and B — > PP 
decays: the axial-vector meson can not be generated by the scalar or pseudo-scalar current, thus the 
chiraly enhanced penguins vanish; due to the vanishing decay constant, b\ can not be factorized from the 
B meson and the recoiling meson. 



12 



son [14] In the QCDF approach, a 2 (to be precise, a 2 ) is much smaller than 0.5, thus their 
amplitude from color-suppressed tree diagrams is not large enough to resolve the problem 
in B° I B° — > afir T and B° — > (a^ir , a\ir~) decays. Their prediction on the branching ratio 
of B° — > a\K~ is compatible with the data. For B — > biK, they found that decay rates 
are sensitive to the interference between emission diagrams and annihilation diagrams. The 
small decay rate of B° — > b\K~ arises from the destructive interference between emission 
diagrams and annihilations, thus the prediction on branching ratio B° — > b\K~ is basically 
consistent with the data. But their predictions on four ratios of branching fractions i?i_4 
(R 3 and i? 4 are related to ratios R± and R 2 defined in the present paper; their ratios Ri and 
i?2 characterize the magnitude of color-suppressed contributions in B — > aitr decay modes.) 
deviate from experimental data. 

Several remarks on the numerical results in the PQCD approach and SCET approach are 
in order: 

• The predictions on B7Z(B° — > a^7r + ) in both approaches are a bit smaller than exper- 



imental data, because the decay constant of f ai = 0.238 GeV 39] is a bit smaller than 
that extracted from the data. 

As we expected, color-suppressed contributions to B — > a\ir decays are large in the 
SCET framework but small in the PQCD approach: SCET predictions are much larger 
and consistent with the present data within the uncertainties. 

In the PQCD approach, B° — > t»^7r + occur via the so-called hard spectator scattering 
diagrams, despite of the zero decay constant of b\. In B~ — > b\iz~, the hard spectator 
scattering diagrams contributions (tree operators), with a b\ meson emitted, are siz- 
able and cancel with color-allowed contribution where the pion is emitted. Thus the 
branching ratio of B~ — > b\-K~ is smaller than one half of BTZ(B° — > b\-K~). 

In the SCET approach, B° — > b^n + only receive contributions from charming pen- 
guins and correspondingly the direct CP asymmetry in this channel is 0. The predicted 
branching ratio is smaller than the PQCD prediction but larger than the QCDF pre- 
diction. 

In the SCET, the direct CP asymmetries in B° — > a\K~ and B~ — > a^K^ have the 
same sign and similar size. Moreover, their branching ratios obey the simple relation: 
Bn(B° -> a+K-) = 2BU(B- -> a\R-). It is also similar for B° -> b\R- and 
B~ — ► b\K~: the direct CP asymmetries are equal with each other; the branching 
ratios also satisfy the relation B1Z(B° -> b^K~) = 2BK{B~ -> b\K~), where the 
small deviation arises from the different mass and decay width of B° and B~ meson. 
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• As expected, the two ratios -Ri and R 2 are predicted with large deviations from the 
data: 

Rx = 1.16, R 2 = 0.54, PQCD (29) 
R x = 0.91, R 2 = 0.50. SCET (30) 

• Predictions on the observables in time-dependent decay width of B°/B° — > afn T and 
B°/B° — > bfn T are basically consistent with the experimental data except the AS, 
the a e ff in B° — > a^vr^ and ^4& 17r . For 5° — > fe^vr^ decays, predictions on AC in the 
two approaches are close to —1 and they are consistent with the QCDF prediction [l^ 
and the data. In the SCET framework, the angle a^^(B° — ► 6^71"^) is equal to | — /3 
which is also a consequence of the vanishing decay constant of &i meson. 



VI. SUMMARY 



In summary, we have investigated the B — > ai(6i)7r(A') decays under the factorization 
framework and find large differences between theoretical predictions and experimental data. 
In tree dominated processes B — > ai7r, large contributions from color- suppressed tree dia- 
grams are required. In B° — > (af, b£)K~ decays, theoretical results are larger than data by 
factors of 2.8 and 5.5 respectively, meanwhile ratios R\ and R 2 defined in Eq. (1191) are too 
much larger too. In the PQCD framework, the predicted decay rates of B — > af tt t are con- 
sistent with data. But the other problems can not be resolved. The SCET approach has the 
potential to resolve the first two problems: if large hard-scattering form factors are allowed, 
theoretical predictions B1Z(B~ — > a^7r°) and B1Z(B~ — > a°7r _ ) are in good agreement with 
data; with the help of charming penguins, large branching ratios of B° — > (af ,bf)K~ are 
also pulled down to the same magnitude with the data. However, the two problems on ratios 
in b — ► s transitions remain in the present theoretical methods. These two problems may 
indicate some new mechanism, from the non-perturbative contributions such as final state 
interactions or new physics scenarios, which needs further study. 
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TABLE III: Same as tableUbut for Time-dependent CP asymmetry parameters in B°/B c 
and B°/B° bfn T decays. 



Observables 



QCDF 



PQCD 



SCET 



Exp. 



A 



c 

AC 
S 

AS 

a ts 

a eS 
"eft 



0.003 



+0.001 +0.002+0.043 
-0.002-0.003-0.045 



-0.009 



+0.002+0.002+0.001 
-0.002-0.003-0.001 



0.02 



+0.08+0.00 
-0.08-0.00 



n n9 +0.00 +0.00 +0.14 

u - uz -0.00 -0.00 -0.14 

+0.03 +0.03 +0.03 
-0.04-0.05-0.04 

+0.01+0.05 +0.09 
-0.01-0.08-0.16 

+0.00 +0.00+0.02 
-0.00-0.00-0.02 

fQ7 9 +0.3 +1.0 +4.7\o 
V y '- z -0.3-0.6-2.5J 

+0.5+3.6+6.6\o 



n i 9 +0.02+0.02+0.01 
" u - lz -0.02-0.03-0.01 



0.44 
-0.37 
0.01 



0.11 



+0.03+0.06+0.01 
-0.01-0.05-0.01 



-0.23 
-0.03 



+0.02+0.03+0.09 
-0.01-0.03-0.14 

+0.01+0.01+0.00 
-0.01-0.01-0.00 

i+0.4+0.7+4.4\o 



(93.o_ 4 _q 4„ 2 .8; 



n 1 c+0.08+0.01 
u ' ld -0.07-0.01 



-0.18+0.00 
-0.19-0.00 

+0.07+0.08 
-0.06-0.11 

+0.04+0.00 
-0.05-0.00 

-+2.4+4.0\o 



0.23; 

-0.45 
0.02 



M 07 n+ u -° +-3-D+0-0 

\L\U .U -0.5-2.3-3.7 

Mno n+°-4 +2.3+5.7^0 

^lUZ.U -0.4-1.5-3.1^ 



+0.5+1.5+4.2x0 
-0.7-1.4-2. 7) 



(99i 

(OP. C+0.4+1.0+4.3NO 
l yu -°-0.6-0.9-2.7J 



(103.5_ 2 .5_2. 6 ; 

(104.8^;™)° 
(104.2±i;g±|;g)° 



-0.07 ±0.07 ±0.02 
-0.10 ±0.15 ±0.09 
0.26 ±0.15 ±0.07 
0.37 ±0.21 ±0.07 
-0.14 ±0.21 ±0.06 



(78.6 ± 7.3) c 



"4bl7T 

C 

AC 
S 

AS 



a 



cff 



a 



off 



a e flf 



n or +0.01 +0.01 +0.23 

" u - uu -0.01 -0.01 -0.23 

n n o+0.01+0.01+0.06 
-U.UO _o.02-0.02-0.01 

n qr +0.03 +0.02 +0.08 
u - yu -0.03 -0.03 -0.01 



+0.03+0.02 +0.15 
-0.03-0.02-0.26 

+0.04 +0.04+0.08 
-0.03-0.04-0.09 

h0.7+3.5+155.4\ 



n 97+0.05+0.04+0.02 
~ u - z ' -0.05-0.04-0.02 

n n o+0.01+0.01+0.00 
" u - ua -0.01-0.01-0.00 

n 07+0.02+0.04+0.01 

-U.OI _o.02-0.04-0.01 



0.05 
0.12 



0.08 



+0.00+0.02+0.06 
-0.01-0.02-0.04 



-0.24 



+0.01+0.06+0.02 
-0.02-0.07-0.01 



_fl oq+0.08+0.03 
u - jy -0.08-0.03 

n n7 +0.04+0.02 
u - u ' -0.03-0.01 

_n oq+0.08+0.03 
u - oo -0.07-0.03 



+0.14+0.03 
-0.10-0.03 

+0.06+0.03 
-0.05-0.02 



-0.05 ±0.10 ±0.02 
0.22 ±0.23 ±0.05 
-1.04 ±0.23 ±0.08 



-0.46 
-0.17 



( 1 07 P. + u - ' +100. 4\o 

{LUI .0 _o.2-4.9- 17.8 J 

Mm q+0.4+2.1+4.9\o 
^llU.O -0.4-1.4-8.6/' 

MfVI A +0.6+2.6+80.4n,o 
V iu ^-0.3-2.1- 



M7/I 1+0. 0+2. 5+5. 0\o 
y 1 '^• 1 -0. 8-3.9-3. 2/ 

/-, o q+0. 2+1. 9+4.1 \o 
v -L<>->_0.3-1.7-2.77 

(qo 7+0.0+0.9+4.5 \o 
-0.5-1.6-2.8/ 



68.3° 

(o / r+0.2+4.6\o 
\^- 4 -0.1-2.9J 

/OK o+0.1+2.3\o 



a One needs to be careful about the phase of the i3-meson decay amplitudes 
b^n + and B° — ► b^n~ decay amplitudes are determined as: 



For example, the B° 



A(B° -» b^7r+) = V ub V: d T + V cb V; d P, A(B° -» 6+0 = - [V* h V ud T + V^V^P]. 



(31) 



TABLE IV: Mixing-induced CP asymmetries in B° — > a\K$ and B° — > 65 decays. 



Channel 


PQCD 


SCET 


B° - a?7r° 
5° - a?l_s 

5° - 6?7T° 


n no+O- 20+0. 78+0. 08 
u - uy -0. 19-0.87-0.08 

n 7-1+O.OI+O.O2+O.OO 
u -' i -0. 01-0.02-0. 00 

n C7+0. 02+0. 09+0. 09 
u -°' -0.00-0.06-0.07 

n R1 +0.01+0.03+0.01 

u - ul -0.01-0.03-0.01 


n /.o+o. n+o.09 

U - 48 -0.14-0.15 

n oc;+0.05+0.01 
u - oo -0.06-0.01 

n fti +0.09+0.09 
u - oi -0.11-0.06 

-0.69 
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